Alginic acid (AA), which is a polyuronide found in seaweeds, has a strong affinity for a variety of metal ions.
Such a character has been utilized for removing toxic heavy-metal ions from waste water. 3, 4 The stability constants of metal-AA complexes may be useful to calculate the distribution of metal species for a variety of ligand concentrations and pH. There have been numerous studies on the affinity of metal ions to AA. [5] [6] [7] Nevertheless, little has been known about the stability constants of the metal-AA complexes. Recently, Jang and coworkers have evaluated the conditional stability constants of the Cu(II)-and Zn(II)-AA complexes by using a Langmuir model. 8 On the other hand, AA has been known as a polyelectrolyte. There have been many studies on complexation between divalent metal ions and polyelectrolytes. [9] [10] [11] [12] Gregor and coworkers have shown that Bjerrum's method may be applied to divalent metal-polyelectrolyte systems. 9, 10 However, in evaluating the stability constants for metal-polyelectrolyte complexes, a large electrostatic field should be considered. Hence, the intrinsic stability constants have to be evaluated under an electrostatic-free condition. 13 Although the conditional stability constants of a few metal-AA complexes have been evaluated, 8 the intrinsic stability constants have not been reported.
In a previous study, 14 we determined some physicochemical parameters in terms of the AA molecule that were utilized for applying to the electrostatic model. In the present study, the conditional stability constants of the divalent metal-AA complexes were determined based on a modified Bjerrum's method at a variety of ionic strengths. Subsequently, the intrinsic stability constants were evaluated by extrapolating the conditional stability constants to the electrostatic-free condition involving the electrostatic model.
Experimental
The AA was purchased from Nacalai Tesque INC (Kyoto, Japan). Sodium nitrate (99% purity, Nacalai Tesque INC) was used to adjust the ionic strength (I). Cu(NO3)2·3H2O, Pb(NO3)2 (Wako Pure Chemicals, Osaka, Japan) and Ni(NO3)2·6H2O (Nacalai Tesque INC) were used to prepare the stock solutions of metal ions. The concentrations of the stock solutions were determined by ICP-AES (SPS 3000S type, Seiko Denshi). The standard solutions for Cu 2+ , Ni 2+ and Pb 2+ (1000 ppm) were purchased from Nacalai Tesque INC. The stock solutions of metal ions were freshly prepared in each experiment.
To 50 mg of AA in a 100-ml ground-glass stoppered Erlenmeyer flask, a 30-ml volume of CO2-free water containing metal ions (1 mM) and NaNO3 (I = 0.01 -1.0) was added. After shaking for 12 h under an argon atmosphere at 25˚C, the mixture was placed into a polyethylene titration cell. Titration was carried out under an argon atmosphere, and the temperature of the cell was maintained at 25.00 ± 0.19˚C. An AUT-501 auto-titration system (TOA Electronics Ltd., Tokyo) was used by connecting with a GST-5311-type glass electrode (TOA Electronics Ltd.). The titrant was a 0.01 M NaOH aqueous solution, which was standardized by using an HCl standard solution (Nacalai Tesque INC). The hydrogen-ion activity was corrected to the hydrogen-ion concentration by using the activity coefficient. The total concentration of carboxylic acid in AA was determined by a Ba(OH)2 method (4.39 meq g -1 ). 15 The degree of ionization (α) was calculated from the ratio of the equivalent for NaOH added to the total equivalent for AA. All of the titration runs were conducted in triplicate.
The solution, which contained AA and metal ions (I = 0.1), was titrated until α = 0.3. This was then filtrated with simple ultrafiltration filters (Millipore Ultrafree CL filters). In this procedure, the free metal ions (uncomplexed metal species) were contained in the filtrate, and the metal-AA complexes remained on the filter. The concentrations of metals in the filtrates were measured by ICP-AES. Because the molecular weight of the AA was determined by gel permeation chromatography (63600 ± 680), 14 the molecular weight cut-off of 5000 daltons was employed in the ultrafiltration filter. In this experiment, the titration runs were conducted in duplicate.
Results and Discussion
Determination of conditional stability constants Figure 1 shows the titration curves of the AA in the absence or presence of metal ions at I = 0.1. In the initial parts of titration until α = 0.38, the pH values in the absence of metal ions were larger than those in the presence of metal ions. The decrease in the pH in the presence of metal ions can be attributed to the release of hydrogen ions from the AA by complexation with the metal ions. Therefore, the lowest pH in the presence of Pb 2+ suggests that the affinity of Pb 2+ to the AA may be larger than that of other metal ions.
To evaluate the complexing abilities of metal ions to the AA quantitatively, the conditional stability constants were determined by the titration curves based on Bjerrum's method, which was modified by considering the polymeric nature of AA. In the case of divalent metal ions (M 2+ ), the successive formation of 1:1 (ML) and 1:2 (ML2) complexes has been assumed. [9] [10] [11] [12] Before the titration, the majority of ligands in the AA exists as the acid type (HL). Therefore, successive complexation between metal species and HL can be represented as:
The successive stability constants (b1 and b2) and the overall stability constant (B2) can be written as follows:
The total concentrations of the metal species ([M 2+ ]t) and ligands ([L]t) are represented as follows:
The average coordination number ( n -) can be represented as the ratio of the ligand concentrations binding with metal ions to the total concentration of the metal ions. Therefore, n -is calculated using,
Bjerrum's formation curve, which is represented as functional relationships between n -and [HL]/[H + ], can be derived from Eqs. (3) - (8),
From the conservation equations and the electroneutrality relations, [HL] can be experimentally calculated from,
In addition, the acid dissociation constant (Ka) can be derived by considering the electrostatic effect of polymer domains in AA,
where Ka and n can be evaluated by the titration curves in the absence of metal ions, as described in a previous study. 14 Equation (11) can be solved by the Newton-Raphson method for the only unknown [L] . Therefore, n -can be experimentally calculated from Eq. (8). Figure 2 shows the relationships between n -and -log[HL]/[H + ]. The experimental data sets were interpreted by non-linear least square curve-fittings to Eq. (9), and the b1 and B2 values at a variety of ionic strengths could be evaluated. In addition, the b2 values could be calculated from Eq. (5). The conditional stability constants (K1, K2 and β), which are generally defined, can be calculated from b1, b2 and B2, as follows:
The data points in Fig. 3 show the log K1 and log K2 values evaluated at a variety of ionic strengths. In the case of poly-(acrylic acid) (PAA), the log β values for the Cu(II)-and Pb(II)-PAA complexes are reported to be 5.86 and 6.75 (I = 0.1), respectively. 10, 12 The log β values (I = 0.1) for the Cu(II)-and Pb(II)-AA complexes evaluated in the present study (4.14 and 5.79, I = 0.1) were one order of magnitude smaller than those for the case of PAA. Although PAA contains neighboring carboxylic groups in its structure, the length between the carboxylic groups for AA is longer than that of PAA. The lower complexing abilities for AA may be attributed to such as the differences in the structural features between AA and PAA.
To check whether the evaluated K1 and K2 values were reasonable or not, the free metal ions in the filtrate from the
664 ANALYTICAL SCIENCES MAY 2001, VOL. 17 ultrafiltration of the titrated solution at I = 0.1 were measured by ICP-AES. The measured concentrations were then compared with the calculated values using K1 and K2. Combining with Eqs. (6), (12) and (13), the following equation can be derived:
The comparisons between the measured values and the 2+ and Pb 2+ were slightly smaller than those calculated. However, these differences corresponded to below ±0.2 for the log Ki values (i = 1 and 2), and were in the range of the errors for the measured log Ki values. Therefore, it was concluded that the [M 2+ ] values, which were measured for Cu 2+ and Pb 2+ , were also in good agreement with those calculated from Eq. (15). Moreover, Jang et al. have reported the conditional stability constant of the Cu(II)-AA complex at I= 0.01 and pH = 3.4 involving the Langmuir model. 8 In this model, the formation of the 1:1 complex is assumed and the logarithm of the conditional stability constant was evaluated to be 3.52. This value may be in good agreement with the log K1 value for the Cu(II)-AA complex evaluated in the present work (3.79 ± 0.06, I = 0.01). These results indicate that the evaluated conditional stability constants may be reasonable values.
Evaluation of intrinsic stability constants
The intrinsic stability constants (Ki,int, i = 1 and 2) can be calculated by extrapolating the conditional stability constants (Ki) to the electrostatic free conditions (i.e., I 1/2 → ∞). The extrapolating equation is given as 14 (16) where D, k, T and e denote the dielectric constants of water, Boltzmann's constant, the absolute temperature and the proton charge, respectively. In addition, z, Z, r and a represent the charge of metal ions (+2), the average charge of AA, the radius of the AA molecule, and the summation of r and the ion radius of the metal ions, 16 respectively. In a polyelectrolyte, the average molecular weight can be changed by complexation with metal ions. 17 This suggests that the radius of AA in the absence of metal ions may be different from that in their presence. Therefore, the radius of AA was treated as variable parameters in the curve-fittings. The solid lines in Fig. 3 show the results of curve-fittings of the data sets (Ki, I 1/2 ) to Eq. (16) , and the log K1,int, log K2,int and log βint values evaluated are summarized in ].
Metal ion [M 2+
]t/M pH α Moreover, in the case of monomeric carboxylic acid (acetic acid), the log β value for Pb 2+ (3.62) is also higher than that for Cu 2+ (1.80). 18, 19 This indicates that carboxylic acids in the AA play an important role in complexation with divalent metal ions.
